The role of shallow unconfined aquifers in supplying water for evapotranspiration (i.e., groundwater evaporation) is investigated in this paper. Recent results from regional land surface modeling have indicated that in shallow water table areas, a large portion of evapotranspiration comes directly from aquifers. However, little field evidence at the regional scale has been reported to support this finding. Using a comprehensive 19-yr (1984-2002) monthly hydrological dataset on soil moisture, water table depth, and streamflow in Illinois, regional recharge to and evaporation from groundwater are estimated by using soil water balance computation. The 19-yr mean groundwater recharge is estimated to be 244 mm yr 21 (25% of precipitation), with uncertainty ranging from 202 to 278 mm yr 21 . During the summer, the upward capillary flux from the shallow aquifer helps to maintain a high rate of evapotranspiration. Groundwater evaporation (negative groundwater recharge) occurs during the period of July-September, with a total of 31.4 mm (10% of evapotranspiration). Analysis of the relative soil saturation at 11 depths from 0 to 2 m deep supports the dominance of groundwater evaporation across the water table in dry periods. The zero-flux plane separating the recharge zone from the evapotranspiration zone propagates downward from about 70-to 110-cm depth during summer, reflecting the water supply from progressively lower layers for evapotranspiration. Despite its small magnitude, neglecting regional groundwater evaporation in shallow groundwater areas would result in underestimated root-zone soil moisture and hence evapotranspiration by as large as 20% in the dry summer seasons.
Introduction
In shallow water table areas, summer drying of rootzone soil moisture often results in an upward capillary flux from the underlying aquifer to sustain the strong evapotranspiration demand; this is referred to as groundwater evapotranspiration (hereafter groundwater evaporation). In wetland and playa areas, or in semiarid riparian environments, groundwater evaporation represents the major source of water for plants, particularly during drought periods (Schmidhalter et al. 1994; Dahm et al. 2003; Snyder and Williams 2000; Scott et al. 2006; Steinwand et al. 2006 ). Sophocleous and Perry (1985) found in Kansas that under shallow water table conditions, 70% of springtime groundwater recharge was lost by evapotranspiration during the subsequent summer and fall.
Land surface parameterizations used in regional and global climate models traditionally lack groundwater representation, and therefore they do not allow for upward water flux drawn from below the bottom of a soil column. Their use is, consequently, limited to the deepwater table conditions where root-zone soil moisture and groundwater are essentially decoupled. At least for humid climates where the water table usually lies near the ground surface, regional climate directly interacts with groundwater through groundwater recharge and capillary rise. The regional groundwater modeling study by Levine and Salvucci (1999) found that the groundwatersupported evaporation reduces area-average groundwater recharge dramatically, and the reduction is highly dependent on the degree of water table coupling. Moreover, unlike the deep-water table conditions, the presence of the shallow water table would significantly alter the vertical soil moisture profile. Given that most land surface hydrological processes are highly dependent on soil moisture, the role of the shallow water table must be incorporated into land surface parameterizations used in climate models.
In recent years, several land surface parameterizations used for climate modeling (Famiglietti and Wood 1994; Stieglitz et al. 1997; Koster et al. 2000; Gutowski et al. 2002; York et al. 2002; Liang et al. 2003; Maxwell and Miller, 2005; Yeh and Eltahir 2005a,b; Cohen et al. 2006; Niu et al. 2007; Fan et al. 2007 ) have begun to explicitly represent groundwater processes as a result of increasing awareness of the importance of groundwater dynamics in global hydrological and climate systems (National Research Council 2004) . Many of these modeling studies have consistently indicated that as much as 5%-33% of evapotranspiration comes directly from shallow aquifers. For example, York et al. (2002) found 5%-20% of evapotranspiration comes directly from shallow aquifers in Kansas. Cohen et al. (2006) found that groundwater contributes to 12% of the total evapotranspiration for a watershed in Minnesota. However, very few regional-scale (.10 3 km 2 ) field studies on groundwater evaporation can be found in literature to support these findings from land surface modeling studies.
Literature review on groundwater evaporation
Plants can extract moisture for transpiration during the growing season from deep soil layers or directly from a shallow water table. The proximity of the capillary fringe to the land surface allows plant roots to enter the saturated zone, while the root penetration is constrained by the anaerobic condition of the saturated zone (Miller and Eagleson 1982) . Moreover, field evidence points to a close correlation between plant species and water table depth (Nichols 1993 (Nichols , 1994 . One of the adaptive strategies of vegetation, particularly in water-limited ecosystems, is the development of deep roots and the use of hydraulic redistribution, which enables vegetation to make optimal use of resources available throughout the soil column (Oliveira et al. 2005; Amenu and Kumar 2008) . Nepstad et al. (1994) estimated that half of the closed forests of Brazilian Amazonia depend on deep root systems to maintain green canopies during the dry season. Evergreen forests can maintain evapotranspiration during 5-month dry periods by absorbing water from the soil to depths of more than 8 m. Maraux and Lafolie (1998) found in a maize-sorghum cropland of Nicaragua that during drought periods, the upward water flux into the root zone reached 2 mm day 21 , while the actual evapotranspiration was between 2 and 4 mm day
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. Kleidon and Heimann (2000) also reported that water uptake from deep soils or groundwater contributes significantly to dry season transpiration in Amazonia. More recently, using the Moderate Resolution Imaging Spectroradiometer (MODIS) satellite data, Saleska et al. (2007) found increased greenness in the Amazon forests, even during the 2005 drought and concluded that trees are able to use deep roots and hydrologic redistribution to access groundwater during dry extremes.
Although still a relatively unexplored subject, historically the study of groundwater evaporation can be traced back to the 1920s. From a laboratory soil column measurement of evaporation, Shaw and Smith (1927) found that evaporation in Yolo loam soil was significant when the water table is less than 3 m deep. Remson and Fox (1955) demonstrated that evapotranspiration from the shallow water table could be estimated by the suitable application of the Richards equation, with the depth to the water table being the most dominating factor that affects the ability of a particular soil to raise water to the ground surface. Gardner (1958) has shown analytically that the steady-state evaporation rate from a soil in the presence of a water table is dependent on the depth to the water table, the soil capillary conductivity, and the capillary potential at the ground surface. Starting from saturation conditions at the surface, as the dry-out proceeds, evaporation increases dramatically from at first a climate-controlled condition to being limited by the rate of water movement to the surface. Gardner and Fireman (1958) found a good agreement between the laboratory measurements of evaporation and the theoretical solution of Gardner (1958) . They showed that for Chino clay and Pachappa sandy loam, the evaporation rate decreases significantly as the water table depth decreases from 1 to 3 m below the surface; however, upward movement and the evaporation of water is possible with the water table as deep as more than 10 m. Willis (1960 ) extended Gardner's (1958 analytical analysis to a two-layered soil system in shallowwater table conditions. Other than the above laboratory studies, field investigations on groundwater evaporation using streamflow records have been reported at the local catchments by Tschinkel (1963) , Daniel (1976) , and Zecharias and Brutsaert (1988) , who found that evaporation from groundwater was only 0.04, 0.17, and 0.05-0.3 mm day 21 , respectively. By contrast, significant groundwater evaporation has been reported from the field studies in playa areas where the water table approaches the ground surface. Allison and Barnes (1985) estimated that groundwater evaporation in a dry salt lake site of South Australia varies between 90 and 230, with a mean of ;170 mm yr
. Ullman (1985) inferred in a similar playa area in Australia that the groundwater evaporation lies between 9 and 28 mm yr 21 . Malek et al. (1990) estimated groundwater evaporation to be ;229 mm yr 21 from a moist playa in a closed desert basin in eastern Utah. Tyler et al. (1997) estimated that groundwater evaporation ranges between 88 and 104 mm yr 21 at Owens Lake in California, where the annual precipitation is only 100-140 mm.
Most of the aforementioned investigations have focused on laboratory or the local scale (, 1000 km 2 ) and only for relatively short study periods and data. The importance of groundwater evaporation on the regional scale (;10 000-100 000 km 2 ), long-term hydrological cycle is unclear as a result of the complex spatiotemporal variability of the magnitude and direction of water fluxes across the water table (as reviewed above). In this study, a comprehensive 19-yr (1984-2002) ) covering most of the hydrologic variables will be used to estimate groundwater evaporation. The long-term average water table depth in Illinois is about 2-4 m, and the magnitude of groundwater storage changes is as important as soil moisture storage changes at monthly time scales (Yeh et al. 1998; Yeh and Famiglietti 2008) . The interaction between root-zone soil moisture and the shallow water table is investigated by the estimation of groundwater recharge. Of particular interest here is the significance of the upward water fluxes (i.e., negative groundwater recharge) from the water table to the root zone, and its role in maintaining a high summer evapotranspiration rate in Illinois.
Data
A comprehensive 19-yr (1984-2002) monthly dataset provided by the ISWS Illinois State Water Survey (ISWS) covering most of the hydrologic variables (e.g., precipitation, soil moisture, water table depth, streamflow, and evaporation estimate from water balance) will be used in this study for estimating groundwater recharge and groundwater evaporation. This long-term monthly dataset provides a unique opportunity to quantify the regional water balance for both unsaturated and saturated zones, and it has been used to investigate the regional hydroclimatology in Illinois (Yeh et al. 1998; Eltahir and Yeh 1999; Yeh and Famiglietti 2008) . More details of the datasets on soil moisture and groundwater can be found in Changnon et al. (1988) and Hollinger and Isard (1994) .
In the next section, the 1984-2002 monthly time series averaged from 129 precipitation stations, 16 soil moisture stations, 15 groundwater wells, and three streamflow gauges at the outlets of the three largest river basins in Illinois are used to estimate groundwater recharge and groundwater evaporation. The sampling networks of soil moisture, groundwater depth, and streamflow are shown in Fig. 1 . The occurrence of groundwater evaporation is defined here as when the estimated groundwater recharge is negative: the upward fluxes from the aquifer to the root-zone soil moisture are subsequently lost to the atmosphere by plant transpiration and soil evapotranspiration. The amount of groundwater evaporation is calculated by summation of the total negative groundwater recharge.
Estimation of regional groundwater evaporation a. Water balance equations
Regional groundwater recharge is estimated here by soil water balance computation. The large-scale water balance equation for soil moisture can be written as
where n is the soil porosity; D is the active soil depth, which is taken as 2 m to be consistent with the soil moisture measurements in Illinois; s is relative saturation; P is precipitation; E is evaporation; R S is surface runoff; and P G is percolation to the water table. Percolation across the 2-m soil depth is assumed to directly recharge the underlying water table because of the shallow groundwater conditions in Illinois. All the variables in Eq.
(1) represent the regional-scale spatial averages. The water balance equation for an unconfined aquifer can be written as
where S y is the specific yield of the unconfined aquifer, H is the groundwater level, and R G is groundwater runoff (base flow). Here, S y is estimated as 0.08 for the silt loam soil in Illinois following Yeh et al. (1998) , and the derived groundwater storage change and total terrestrial water storage change were compared with the Gravity Recovery and Climate Experiment (GRACE) data with favorable results by Swenson et al. (2006) and Yeh et al. (2006) . Evaporation can be calculated by adding (1) and (2) together:
where the total runoff is R 5 R S 1 R G . Using (3), Yeh et al. (1998) estimated the monthly regional evaporation and compared it to another independent estimate from the atmospheric water balance computation. The climatology of the two independent estimates agrees rather well with an error less than 10 mm month
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. Both evaporation estimates exceed observed precipitation by about 20-30 mm month 21 in the summer months June-August (see Fig. 5 of Yeh et al. 1998) . Figure 2 shows the 19-yr (1984-2002) average annual cycles of the soil water balance components in Illinois, including precipitation, evaporation [estimated from (3)], streamflow, and the storage changes in the soil moisture and groundwater. Annual average precipitation is 956 mm; 70% of that water is returned to the atmosphere through evaporation, with runoff contributing the remaining 30%. Although the storage changes in both soil moisture and groundwater are significant at the monthly time scale (with their magnitudes comparable to the runoff), their combined contributions to the annual water balance are small (;4 mm yr 21 ). Thus, the annual precipitation is partitioned into evaporation, surface runoff, and groundwater runoff. The amount of annual groundwater runoff is approximately equal to annual groundwater recharge, since the average groundwater storage integrates to zero at the annual time scale. Also plotted in Fig. 2 is evaporation estimated without the groundwater contribution [i.e., dropping the S y dH /dt term in (3)]. As shown in Fig. 2 , without the contribution from groundwater, the summer evaporation would not exceed the corresponding precipitation as already indicated from the atmospheric water balance analysis (Yeh et al. 1998) . The difference between the two evaporation estimates from June to August is 70 mm, which is equal to ;20% of the total summer evaporation in Illinois. Therefore, the shallow aquifer is important in maintaining the high summer evaporation rate (;55% of the annual evaporation) in Illinois.
As observed in Fig. 2 , evaporation exceeds precipitation by ;30 mm month 21 or larger in July and August, although soil water storage is at a minimum of a year. This suggests that surface runoff is negligible in the summer, and summer streamflow is largely sustained by groundwater. Although the decrease in soil water depletion reaches its peak in July, the significant decline in groundwater storages continues until September. As shown in Fig. 2 , the decline in groundwater storage speeds up from May through the summer until it reaches its peak in August. The corresponding streamflow would rise if the decline in groundwater storage were to contribute streamflow. However, streamflow decreases during the period of May-September. Moreover, groundwater storage change in both August and September is larger than the corresponding streamflow, suggesting the existence of another mechanism at work other than base flow responsible for the depletion of groundwater storage during the two months. Yeh et al. (1998) reported that the regional hydrological cycle in Illinois is a closed system based on the close agreement found between the magnitude of long-term mean atmospheric water vapor convergence and streamflow. That is, any leakage across the bedrock of aquifers or lateral flow through the boundary is negligible. Therefore, the additional groundwater discharge mechanism would most likely be the groundwater supply to the overlying root-zone soil moisture to maintain the high summer evapotranspiration of about 130 mm month 21 , as shown in Fig. 2. b. Estimation of groundwater recharge and groundwater evaporation
In (1) and (2), there are three unknowns-surface runoff R S , groundwater runoff R G , and groundwater recharge P G -but only two equations. To estimate P G , R needs to be decomposed into R S and R G . Multiple linear regression of monthly R is used here with respect to its dependent variables (precipitation, soil moisture, and water table depth). Several regression equations FIG. 1. The in situ networks of soil moisture (red triangles), water table depth (gray diamonds), and streamflow (black stars) measurements, and the basin boundary of the three largest river basins in Illinois. These three U.S. Geological Survey (USGS) stream gauges are selected as far downstream as possible, and their combined total drainage areas cover more than two-thirds of the area of Illinois.
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with different forms and their corresponding coefficients of determination (R 2 ) are given in Table 1 . As shown, water table depth alone explains 63% of streamflow variance, while precipitation explains only 18%. Therefore, it can be inferred that groundwater runoff dominates regional streamflow variability in Illinois. Moreover, water table depth and precipitation together explain two-thirds of the streamflow variance. After including the soil saturation, R 2 improves only marginally, which is a result of the high correlation between soil moisture and water table depth (.0.7). It thus appears to be adequate to use precipitation and water table depth as the sole surrogate of surface runoff and groundwater runoff, respectively, in the streamflow regression.
To evaluate the uncertainty in the regression function forms, in the following subsection, the regression analysis will be conducted using two different expressions of groundwater runoff (baseflow) based on the observed water table depth. Additionally, the seasonality of surface and groundwater runoff will also be taken into account by monthly varying regression coefficients. The estimates using constant regression coefficients are presented in section 4b(1), while estimates using monthly coefficients are in section 4b(2).
1) LINEAR REGRESSION WITH CONSTANT

COEFFICIENTS
Given the relatively short time scale of the lag between precipitation and surface runoff (#1 month; Changnon et al. 1988) , the following linear dependence can be assumed: R S 5 aP, where a is the surface runoff ratio. By contrast, the dependence of groundwater runoff FIG. 2. The 19-yr (1984 average annual cycles of soil water balance components in Illinois: P, precipitation; E w/GW , evaporation estimate from soil water balance computation; E wo/GW , evaporation estimate from soil water balance computation without incorporating groundwater contribution; R, streamflow; D(SM), soil moisture storage change; and D(GW), groundwater storage change. Fig. 12b ). Groundwater runoff can thus be represented by the following exponential formula: R G 5 R 0 exp(Àh), where h is the water table depth (always positive) and R 0 is the maximum groundwater runoff when h 5 0. Thus,
and the linear regression yields the following:
where R and P are in millimeters per month and h is in meters. The numbers given in the parentheses below Eq. (5) denote the 95% of confidence interval for each fitting parameter in a least squares sense; that is, the range of a can be taken as being from 0.0266 to 0.0934. The comparison of fitted and observed streamflow is given in Fig. 3 . As shown, the fitted streamflow follows the observation fairly well except for capturing some high flow peaks. The correlation coefficient between the observed and fitted streamflow is 0.83, indicating that precipitation and groundwater depth together explains ;70% of the streamflow variability. Here, a is estimated as 0.06, which corresponds to 59 mm yr 21 of surface runoff or 20% of the streamflow in Illinois.
By specifying a as 6% and recalling that R 5 R S 1 R G and R S 5 aP, groundwater recharge P G can be estimated from (2) or (1). Both equations should yield the same P G , since the evaporation estimate in (3) is derived from the addition of first two equations. The 1984-2002 mean annual cycle of estimated groundwater recharge is plotted in Fig. 4a . The mean annual recharge is 244 mm (;25% of precipitation), which is equal to the magnitude of groundwater runoff, since the average groundwater storage change integrates to zero during a year. Figure 4b plots the estimated 19-yr (1984-2002) monthly time series of groundwater recharge. The range of monthly recharge estimates varies from 240 (i.e., groundwater evaporation) to 150 mm. The seasonal cycle of groundwater recharge (Fig. 4a) exhibits two peaks and one trough. Both peaks occur outside of the growing season. The first peak is in February-March and corresponds to the maximum of soil moisture and the groundwater level, while the trough in August corresponds to their minimum (see Fig. 3 in Yeh et al. 1998) . The second peak of groundwater recharge occurs in November, when precipitation exhibits its second peak of the year. Significant groundwater recharge occurs in February-March, when the soil is nearly saturated such that most infiltration directly recharges the shallow water table, and in November, when precipitation minus evaporation is at the maximum of the year (see Fig. 2 ).
The groundwater recharge estimate is generally consistent with that reported in literature for humid regions. Stephens (1996) indicated that groundwater recharge varies between 20% and 50% of the mean annual precipitation in humid climates. Groundwater recharge generally occurs in the period from late fall through the following spring (Sophocleous and Perry 1985; Mau and Winter 1997) , while little recharge takes place during summer months because of high evapotranspiration demand. Arnold et al. (2000, Fig. 11a) . Groundwater evaporation (highlighted in yellow in Fig. 4 ) occurs during the period of July-September with a maximum of ;15 mm mo 21 in August and the total amount of 31.4 mm, which equals ;10% of total evapotranspiration (334 from July to September). During the summer, the upward groundwater flux replenishes the root-zone soil moisture, resulting in a steeper decline in groundwater storage than in soil water storage, as evidence in Fig. 2 . The magnitude of groundwater evaporation is close to the upper end of the values (0.05-0.3 mm day 21 ) reported by Tschinkel (1963) , Daniel (1976) , and Zecharias and Brutsaert (1988) .
2) LINEAR REGRESSION WITH MONTHLY
COEFFICIENTS
One potential limitation in the above analysis is that surface runoff generally depends on surface soil moisture status, hence a is supposed to exhibit strong seasonality. To examine the influence of seasonality, monthly values of a are estimated by applying the multiple linear regressions respectively to each month. This sensitivity test can serve as an evaluation of the uncertainty in estimated groundwater recharge and groundwater evaporation using constant regression coefficients. Another deficiency in the above analysis is due to the potential delay between aquifer storage and groundwater runoff. Here, the aquifer delay mechanism can be simply accounted for by parameterizing groundwater runoff following Eltahir and Yeh [(1999) , Eq. (7)]:
where S y is the specific yield representing the unconfined water equivalence, h 0 (always positive) is a constant reference level of stream, and T is the mean residence time of regional aquifer system. The value of S y is taken as 0.08 for the silt loam soils (the dominate soil texture in Illinois; see Hollinger and Isard 1994, their Table 2 ) following previous studies (Yeh et al. 1998 ; 
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Rodell and Famiglietti 2001; Yeh et al. 2006 ). This value of S y has been used (Yeh et al. 1998; Yeh and Famiglietti 2008 ) to estimate regional soil and groundwater balance. By applying linear regressions to (6), the monthly surface runoff coefficient (a i ) and the residence time (T i ) are determined for each of the 12 months ( Table 2 ). The comparison of observed and regressed streamflow is plotted in Fig. 5 for each month, where a remarkable agreement can be observed, as evidenced by a high correlation coefficient of 0.84, slightly higher than the case of using constant regression coefficients.
From Table 2 , the mean value of monthly a i is 6.76%, which is close to the 6% estimated from the constant coefficient regression. Here, a i is assumed to repeat the same seasonal cycle for each year, and the resulting groundwater recharge and the surface and groundwater runoff are given in Table 2 . As shown, a i exhibits a clear seasonal cycle with a maximum (minimum) in March (November). The residence time of regional aquifer T i also clearly shows a seasonal cycle with the mean value of 4.4 months; T i is largest (smallest) in November (March), an exactly opposite correspondence with a i . In addition, h 0i represents a regression residual constant and carries less significant physical meaning.
c. Uncertainty of groundwater recharge and evaporation estimates
The estimated monthly a has an annual range from 3.6% to 11.3%, which is close to the confidence interval of a in Eq. (5), using the constant regression coefficients. By inserting the monthly a i and a 5 0.03 and 0.11 into (1) or (2), the estimated groundwater recharges are compared in Fig. 4a . The range of a (0.03-0.11) corresponds to the surface runoff of ;10%-33% of streamflow. The 19-yr mean groundwater recharge ranges from 202 (a5 0.11) and 243 (monthly a) to 278 mm (a5 0.03). As shown in Fig. 4a , the uncertainty in a has only a secondary influence on the estimated recharge, primarily because of the small magnitude of surface runoff [;25% of streamflow as estimated by Yeh (1999, p. 1209) ] in the overall water balance in Illinois (see Table 2 ).
The sensitivity of a on the estimated groundwater evaporation is also evaluated. The mean groundwater evaporation is found to be 23.6, 31.4, and 44.5 mm yr 21 , for a 5 0.03, 0.06, and 0.11, respectively. Moreover, the number of months for the occurrence of groundwater evaporation (negative recharge) during the 19-yr (228 months) period is 66, 66, and 74, respectively. Consistent among different estimates is that groundwater evaporation occurred during six consecutive months (May-October) for the anomalously dry 1988, while no groundwater evaporation occurred for the anomalously wet 1993. If other terms in (1) remained unchanged, a larger surface runoff than 6% has to be balanced by a smaller recharge, resulting in larger groundwater evaporation. Therefore, 31.4 mm yr 21 (;10% of evapotranspiration), as estimated in this study, is considered as conservative for groundwater evaporation in Illinois.
d. Correlation between precipitation and groundwater recharge
The 19-yr annual precipitation is plotted against annual groundwater recharge and groundwater evaporation in Figs. 6a and 6b , respectively. For each year, annual groundwater evaporation is calculated by summation of all the negative monthly groundwater recharge. As shown in the figures, annual recharge is strongly 
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proportional to annual precipitation (R 5 0.94). Although precipitation ranges between 700 and 1300 mm yr 21 during 1984-2002, groundwater recharge can vary as large as from zero (in the driest 1988) to 600 mm yr 21 (;50% of precipitation in the wettest 1993). Conversely, groundwater evaporation shows a negative correlation (R 5 20.65) to precipitation with its range from zero (in 1993) to 140 mm yr 21 (;20% of evaporation in 1988). Figure 7 presents a scatter similar to Fig. 6 , but at the monthly time scales, and this plot is also stratified on a seasonal basis. As seen, monthly groundwater recharge is-in general-proportional to precipitation but with a low correlation (R 5 0.39). Because of the nearly saturated soil water conditions during winter, substantial amounts of recharge (.50 mm month 21 ) still take place, despite that winter precipitation is lowest among all four seasons (Fig. 2) . However, significant recharge (.50 mm month 21 ) can be found in summer and fall only when precipitation is .100 mm month 21 (Figs. 7c  and 7d ). This seasonal difference underscores the importance of soil moisture in regulating groundwater recharge. On the other hand, groundwater evaporation occurs during summer whenever precipitation falls below 100 mm month
21
. The relatively high correlation (R 5 ;0.7) between precipitation and groundwater recharge during summer and fall indicates that most of the rainwater infiltrates into the soils during the period. Therefore, we concluded that the magnitude of groundwater evaporation is proportional to the deficit in soil water availability in the summer of Illinois, and the probability of groundwater evaporation occurrence is virtually nil if precipitation is greater than .100 mm month 21 , irrespective of the season. 
Evidence of regional groundwater evaporation
The 19-yr (1984-2002) monthly soil moisture dataset, collected by the ISWS at 11 depths within the upper 2 m of soils, provides a chance to characterize vertical soil moisture profiles and soil water movement through the 2 m deep soil layers. The relative soil saturation at 11 depths is plotted in Fig. 8 on a monthly basis. As shown in this figure, no apparent storage change can be observed in the lower 1 m of the soil; soil relative saturation remains at above 0.8 (close to the field capacity) throughout the year. Substantial seasonal variability, however, occurs in the upper four soil layers (i.e., 0-10, 10-30, 30-50, and 50-70 cm hereafter refers to layers 1-4). The maximum relative saturations in layers 1-4 occurs in four consecutive months from January to April, indicating a moisture flux within these layers propagates downward to recharge the underlying layers. Conversely, the drying of these upper layers begins from April until August, corresponding to a decrease in the surface soil saturation from 0.7 to 0.4. The minimum relative saturation of these four layers occurs simultaneously in August, when the upward soil moisture gradient is at a maximum as a consequence of the strong evapotranspiration demand in summer.
Vertical soil water movement through soil layers is analyzed next. Since the driving force governing soil water movement is the hydraulic gradient, the measured relative saturation is transformed into capillary (matric) potential using the empirical soil water retention relationship of Clapp and Hornberger (1978) : c 5 c S /s B , where s is the soil saturation; c S is the capillary potential (c) at saturation; and B is an empirical parameter characterizing the soil type. The major U.S. Department of Agriculture (USDA) soil texture class in Illinois is silt loam. According to Hollinger and Isard (1994, their Table 2 ), the soil textures in 15 of 16 soil moisture measurement sites are predominately silty loam. In the following analysis, the vertical profile of soil texture for all the sites is assumed to be uniform as a result of the unavailability of data on the vertical variability of soil texture. Following Clapp and Hornberger (1978, their Table 2 ), the parameter B and c S are taken as 5.3 and 786 mm, respectively, for silt loam soil. Given the derived soil water potential, the direction of vertical soil water fluxes across each interface of the soil layers can be determined by calculating the hydraulic gradient between the adjacent layers. To characterize the average profile of vertical soil water fluxes, we avoid direct spatial averaging over the 16 soil moisture stations as a result of the nonlinearity of the unsaturated flow process. Instead, the probability for the occurrence of upward water fluxes in the 19-yr period at each soil layer interface for each month is computed for each station. For each month, the sample number is 16 3 19 5 304 for each soil layer interface, which is considered to be sufficiently large for the characterization of the representative vertical soil water movement in Illinois.
The result is presented in the contour plot of Fig. 9 . As shown, the highest probability (.0.8) for the occurrence of upward flux is found to be at the root-zone depth of about 30-50 cm. This is indicative of the upward 
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water flux supplied from the deeper soil layers to replenish the root-zone soil moisture in summer. On the other hand, the maximum downward flux (drainage) occurs in the deep layer of about 150-170 cm when the water table depth is shallowest. Moreover, the evolution of the zero-flux plane (Stephens 1996; Scanlon et al. 2002) , which separates the upward movement of soil water to evapotranspiration from the downward movement to the water table, can be estimated by approximately 50% probability contours in Fig. 9 . The zero-flux plane is found to be in the intermediate layers of about 70-110 cm, marked by a black line in Fig. 9 . It shows a seasonal downward propagation from spring to fall. Since soil moisture below 1-m depth is nearly constant throughout the year (Fig. 8) , the direction and magnitude of the moisture fluxes across the zero-flux plane is approximately equal to the fluxes across the water table, which is in average 3.5 m below the surface in Illinois (Yeh and Famiglietti 2008, their Fig. 2) . Therefore, it can be inferred that the upward fluxes across the zeroflux plane for supplying deeper root-zone soil moisture during summer are originated from the water source beneath the 2-m depth of the soil profile. As shown in Fig. 9 , the zero-flux plane moves downward from 70 (May) to 110 cm (August), reflecting the water supply from progressively lower depths in response to high summer evapotranspiration demand. In fact, the zero-flux plane can provide an estimate of groundwater recharge based on the premise that recharge is equal to changes in soil-moisture storage below the zero-flux plane (Scanlon et al. 2002) . However, it requires capillary potential data to locate the zero-flux plane and soil water content data to measure changes in storage, hence its application has been limited. In this study, similar difficulty due to the lack of capillary potential data is encountered, thus we have to resort to estimating the direction of soil water fluxes rather than the magnitude of fluxes. Because of the uncertainty in the water-retention characteristics, the detailed pattern shown in Fig. 9 should be taken merely as a first-order approximation. However, we have attempted to vary the values of c S and B within a reasonable range for silt loam soils as well as use alternative water retention characteristics, and the results show little sensitivity to the pattern in Fig. 9 . Considering that the motivation here is to quantify the frequency of upward fluxes rather than to determine its magnitude, the analyses and discussion offered in this section are believed to have justified the occurrence and provided the observed evidence of groundwater evaporation. Supporting the observed interactions between deep soil moisture and groundwater, Fig. 11 plots the correlation coefficient between the relative soil saturation in 11 layers and the corresponding precipitation, runoff, and groundwater depth. A high correlation (R 5 ;0.9) is found between relative saturation and groundwater depth at depths of about 0.7-1.3 m, which approximately coincide with the location of the zero-flux plane in Fig. 9 . Since the seasonal evolution of the zero-flux plane mimics the annual cycle of groundwater depth, it implies that the 1-m depth is approximately where the intensive water exchange between soil moisture and groundwater takes place. Also shown in this figure is the relatively low correlation between soil saturation and precipitation, which reflects the energy-limited characteristics of the hydroclimatology in Illinois (Yeh et al. 1998) . Since precipitation shows no clear seasonal pattern (Fig. 2) , the strong annual cycle of incoming solar radiation (Eltahir and Yeh 1999, their 
Summary
The process of water supply from shallow unconfined aquifers to root-zone soil moisture, and the subsequent use for plant transpiration (i.e., groundwater evapotranspiration), has not been fully recognized in hydrologic literature and the land surface modeling community. Very few regional-scale field studies on groundwater evapotranspiration have been reported in literature. This mechanism is significant when the depth to the water table is comparable to the rooting depth of plants. In this study, we have demonstrated the role of groundwater evapotranspiration at a regional scale by using a 19-yr (1984-2002) observed hydrological dataset in Illinois including soil moisture, water table depth, and streamflow. Regional groundwater recharge is estimated using soil water balance computation. It is found that groundwater recharge exhibits two peaks and one trough. Both peaks occur outside of the growing season. The first peak is February-March and corresponds to the maximum soil moisture content and groundwater levels, while the second peak in November occurs when the precipitation minus evaporation is at maximum. The 19-yr (1984 The 19-yr ( -2002 average groundwater recharge is estimated to be 244 mm yr 21 (25% of precipitation), with the uncertainty ranging from 202 to 278 mm yr
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. Negative groundwater recharge (groundwater evaporation) is found to occur during the period of JulySeptember, indicating an upward capillary flux from the shallow aquifer to maintain the high summer evapotranspiration rate. Groundwater evaporation is equal to ;10% of total evapotranspiration of the same period, consistent with the findings from earlier modeling Cohen et al. 2006 ) and field (Tschinkel 1963; Daniel 1976; Zecharias and Brutsaert 1988) studies. Analysis of the pattern of relative soil saturation at 11 depths supports the dominance of groundwater evaporation across the water table in dry periods and especially during the drought years like 1988. The zero-flux plane separating the recharge zone from the evapotranspiration zone is estimated to propagate downward from approximately 70 to 110-cm depth during summer, reflecting the water supply from progressively lower layers for high evapotranspiration.
Although the magnitude of groundwater evaporation is relatively small, it may have significant implication for land surface parameterizations used in climate modeling. Because much of the transfer of water from the soil into the atmosphere is through transpiration, the physical mechanism of groundwater evapotranspiration needs to be realistically represented. Despite its small magnitude, neglecting regional groundwater evaporation in shallow groundwater areas would result in underestimated root-zone soil moisture and hence evapotranspiration by as much as 20% in the dry summer seasons (Fig. 2) . Finally, it should be emphasized that for the arid or semiarid regions where the water table is deep, groundwater evaporation can be observed only for the riparian vegetation community. In riparian corridors, however, vegetation species partially or completely rely on groundwater as the only water source for survival (Snyder and Williams 2000; Tabacchi et al. 2000; Lamontagne et al. 2005) , thus the representation of groundwater evaporation is even more critical for the plant transpiration simulations (Baird and Maddock 2005) . 
